1 zebrafish and mouse models of dominant skeletal muscle α -actin nemaline 2 myopathy.
Tyrosine is a non-essential amino acid that serves as a precursor for several biologically 2 1 3 in total bodyweight was detected in L-tyrosine treated male mice compared to untreated 2 1 4
TgACTA1 D286G mice (Fig. 4A) . Likewise, reduced total bodyweight was not negated at 6-7 months 2 1 5
for ACTA1-NM mice from either mouse model treated for 1 month ( . 4B) . Additionally, at this older age the hindlimb muscle volume was not different between 2 1 8 treated and untreated mice for both models (Fig. 4C) . As per Ravenscroft et al., (2011) , the voluntary running wheel and rotarod performances of 2 2 3 TgACTA1 D286G mice are impaired compared to WT mice. TgACTA1 D286G mice treated from prior to 2 2 4 conception did not exhibit any significant improvement for any voluntary running wheel activity 2 2 5 parameters relative to untreated mice of the same sex ( Fig. 5) . Similarly, none of the rotarod 2 2 6 measurements were significantly improved for treated versus untreated male TgACTA1 D286G mice 2 2 7 ( Fig. 6) . Absolute maximal force at 6-7 months of age was unchanged for the two NM mouse models after 1 2 3 2 month of treatment ( Fig. 7A & 7B) . Force production during the fatiguing protocol was comparable 2 3 3
for the treated and untreated mice for each model (Fig. 7C & 7D) . Consequently, the fatigue index (data not shown) and pH variations were also similar between the treated and untreated mice for 2 3 8 each model (Fig. 8A) . stamina/energy levels (Kalita, 1989; Ryan et al., 2008; Olukman et al., 2013) , but lacked sufficient 2 4 5 numbers for statistical evaluation. The purpose of this study was to evaluate the therapeutic 2 4 6 usefulness of L-tyrosine supplementation on one of these previously reported potential benefits, 2 4 7 skeletal muscle function, using three dominant ACTA1-NM animal models and multiple measures. We utilised one zebrafish (TgACTA1 D286G -eGFP) and two mouse (TgACTA1 D286G and 2 4 9 KIACTA1 H40Y ) models, encompassing all known laboratory animal models of dominant ACTA1-2 5 0
NM. There are a very small number of patients (usually only one individual) with a particular 2 5 1 mutation in any of the twelve NM genes, including nebulin and actin, the two most common NM 2 5 2 genes. Therefore animal models provide a means to thoroughly investigate a possible therapeutic in 2 5 3 multiple individuals with the same genetic composition.
5 4
We first investigated the safety of increased L-tyrosine levels for WT zebrafish and performance. These findings suggest that the potential toxicity of high L-tyrosine dosing should be 2 5 7 considered for humans supplementing with this amino acid, for whatever therapeutic reason. For the 2 5 8 zebrafish aspect of our study, we utilised the highest concentration of L-tyrosine that did not 2 5 9 produce these negative outcomes (10 μM). Nevertheless, the L-tyrosine treated wildtype and 2 6 0 TgACTA1 D286G -eGFP zebrafish did not exhibit any improvement in the swimming distance 2 6 1 travelled.
6 2
We also supplemented regular mouse feed with 3 levels of L-tyrosine to determine the 2 6 3 highest safe dose. Supplementation with both 4% and 8% L-tyrosine was associated with 2 6 4 deleterious side effects in WT mouse mothers as well as their pups, when the feed was supplemented from pre-conception. Our pilot toxicity study in mice was not exhaustive or extensive, yet resulted in high mortality rates for two conditions. These adverse findings with the 2 6 7 4% and 8% doses, especially in combination with the findings from the zebrafish toxicity analysis, tyrosine. Tyrosine related toxicity, deleterious effects and weight loss has been previously reported in 2 7 1 the literature, e.g. Boctor and Harper, 1968 . A potential explanation for the deleterious effects 2 7 2 observed in mice receiving higher doses of L-tyrosine may be due to L-tyrosine being a precursor 2 7 3 for brain catecholamines. Previous mouse studies report direct correlations between aggressive 2 7 4 activity and brain catecholamines in mice (Thurmond and Brown, 1984) with the effects proposed 2 7 5
due to the prevention of NE depletion (Deijen et al., 1999) . Aggressive behaviour, defined by the 2 7 6 number of territorial-induced attacks, was reported in previously unstressed rodents receiving a diet 2 7 7
supplemented with 4% L-tyrosine when they were later put under stress (Brady et al., 1980) . The facilitation of aggressive behaviour and suggested that aggressive behaviour may be related to 2 8 0 lower brain NE and serotonin levels relative to DA (Brady et al., 1980) . Aggression by the mother 2 8 1 may have been the cause of death for some of the mouse pups on the 4% and 8% supplemented 2 8 2 doses in our study.
8 3
As no overtly deleterious side effects were seen with 2% L-tyrosine dietary 2 8 4 supplementation, the 2% L-tyrosine supplementation dose was pursued for the efficacy studies with 2 8 5 the ACTA1-NM mouse models. The 2% L-tyrosine dose significantly increased the free L-tyrosine 2 8 6 levels in sera (>55%) and quadriceps muscle (45%) of treated mice. Other studies determined serum 2 8 7 tyrosine levels in rats receiving either a 2% or 5% casein diet for 14 days (of 40±3 nmol/ml and 2 8 8
86±8 nmol/ml respectively (Fernstrom and Fernstrom, 1995) . The level of sera L-tyrosine detected 2 8 9
in untreated TgACTA1 D286G mice (52.7±7.8 nmol/ml) in this study is in accordance with these 2 9 0 previous reports. A paucity of data exists for free L-tyrosine levels in rodent skeletal muscles, 2 9 1 although baseline levels of L-tyrosine in other tissues (retina, 0.25 nmol/mg; hypothalamus, 0.55 2 9 2 nmol/mg) have been established for rats (Fernstrom and Fernstrom, 1995) . The mean value for L-2 9 3 tyrosine in quadriceps muscle of untreated mice we determined (0.089±0.021 nmol.mg -1 ) was less 2 9 4 than these levels. We performed a two-pronged investigation with the 2% L-tyrosine supplemented feed and 2 9 6 the NM mouse models, to evaluate pre-birth versus later-onset treatment. We reasoned that if the 2 9 7
pre-birth experimental arm established breeding mice on the diet fortified with the highest safe L- , 1978) . Therefore this L-tyrosine regime would presumably provide the best taking supplements prenatally/throughout gestation has significant therapeutic effects is folic acid in 3 0 6 the prevention of neural tube defects such as spina bifida (Group, 1991 weigh significantly less than untreated males), voluntary exercise and rotarod capacity deficits Our second experimental arm with the murine NM models assessed a dosing regime that 3 1 2 started in older mice at 5 to 6 months of age and continued for one month. This is the same L-tyrosine for the KIActa1 H40Y or the TgACTA1 D286G models. A potential factor that may account did not report L-tyrosine levels in sera or skeletal muscles from treated mice we are not able to L-tyrosine that mice were exposed to in this study to the dose in the previous study, we calculated 3 2 3 that mice consuming the 2% L-tyrosine supplemented feed would have received a dose ranging 3 2 4 from ~60-90 mg/d (based on the daily intake of 3-4.5 g/d for adult ACTA1-NM mice that we 3 2 5
determined, which fits with the published murine average daily food consumption range of 3 2 6 adolescent mice being from 3.1-6.3 g/d, Bachmanov et al., 2002) . Moreover, if we normalise this 3 2 7 dose intake to body weight using the average weight for young mice (12g) treated since pre-
conception in addition to the older mice (35g) that were treated at 6 months, this equates to 0.5 -3 2 9
0.75% and 0.17 -0.25% of total bodyweight for young and older mice respectively. Nguyen et al. and mice receiving 25 mg/d).
3 3 2
In conclusion, we determined safe concentrations of L-tyrosine for dosing WT zebrafish (water) and mice (dietary supplementation), noting higher concentrations had deleterious effects. The dose evaluated in the dominant ACTA1-NM mouse models significantly increased the free L- from pre-conception (TgACTA1 D286G ), or for one month from 5 to 6 months of age (TgACTA1 D286G All animal experiments were performed in agreement with the guidelines of the respective countries For toxicology testing, 30 WT Tübingen zebrafish were placed in E3 embryo media and treated independent treatments were performed for each experiment with 30 fish per treatment. Zebrafish swimming assays and resting heart rate determination 3 7 0
The resting heart rates were measured at 2 dpf by counting the number of heart beats in 10 sec. Heart rate measurements were performed in triplicate with 10 fish per experiment. Assay of 3 7 2 swimming ability, as well as the subsequent data analyses performed on 6 dpf wild type zebrafish a 10-minute period in the dark was measured in mm using zebraboxes (Viewpoint Life Sciences). The values for each genotype and treatment were then normalised to the average of the wildtype analyses were completed the treatments groups were revealed. mouse strains were used for the initial L-tyrosine safety dosing study (FVB/NJArc), and as a 3 9 0 statistical comparison for the TgACTA1 D286G line (C57BL/6J; the closest background strain). France; basal L-tyrosine level of 0.45%) contained all nutritional dietary parameters either meeting 3 9 5 or exceeding the maintenance guidelines for rats and mice outlined by the National Research Council (US; (Animals, 2011) . Prior to evaluating the efficacy of L-tyrosine treatment, we 3 9 7
conducted a pilot study with normal mice to compare the Australian standard feed (containing 0.7% 3 9 8 L-tyrosine) to the same feed supplemented with an additional 2%, 4% or 8% L-tyrosine. Breeding and maintained on these until they were sacrificed at ~7 weeks of age. Once the 2% L-tyrosine supplemented feed was established as the highest safe concentration regime commenced when mice were 5 to 6 months of age and continued for 4 weeks upon which weighing feed each week for 3 or more weeks prior to addition of the L-tyrosine supplemented feed 4 1 0
and then for every week during the 4-week exposure to the treatment. An average daily weight of 4 1 1 feed consumed per mouse was then calculated. applied to an Agilent 1290 UPLC coupled to a 6560 QQQ for the measurement of free L-tyrosine.
2 3
The EZ:faast AAA-MS 4 μ column 250 x 2.0 mm provided with the kit was used and the 4 2 4 acquisition method of the kit was followed. The internal standard was homophenylalanine. Data 4 2 5
were acquired in positive ion mode and the transition for L-tyrosine was 396-136. times on the same day, being allowed at least 10 minutes to rest in between assessments. The for each test. Data were expressed as the averaged value across the three tests. Bruker, Ettlingen, Germany) was used for image acquisition. Hugo Sachs Elektronik-Harvard Apparatus GmbH, March-Hugstetten, Germany). One electrode 4 6 6 was placed at the heel level and the other one was located just above the knee joint. Isometric force 4 6 7
was measured with a home-built ergometer consisting of a foot pedal coupled to a force transducer.
6 8
The analog electrical signal from the force transducer was amplified with a home-built amplifier Instruments, Oxford, United Kingdom). High-resolution MR images (MRI) were acquired at rest to obtain information about (thickness = 1 mm), covering the region from the knee to the ankle, were acquired at rest using a Metabolic changes were investigated using 31 P-MRS at rest and during the fatiguing protocol. System, Inc., Boulder, CO, USA). The first 180 FID were acquired at rest and summed together. The next 317 FID were acquired during the stimulation period and summed together. Relative 
